We report on an optical synthesis of two compressed channels from our parametric waveform synthesizer, leading to a 0.6 mJ 4.4 fs pulse (3.6 fs transform limited) with a central wavelength of 1.8 µm, corresponding to 0.74-cycles.
Strong-field experiments and attosecond science seek for laser pulses with increasingly higher peak power and repetition rates in order to investigate and exploit ultrafast electron dynamics. The parallel synthesis of multiple optical parametric (chirped-pulse) amplifiers (OP(CP)As) opens a path to further increase the generated bandwidth and correspondingly scale down the pulse duration. This approach can also scale pulse energy and repetition rate of the amplification but is only limited by the performance of ultrafast pump lasers. Here we report the current status of development of a three channel waveform synthesizer, aimed to support a transform limited pulse duration below 2 fs [1] and a compressed pulse energy of ∼1 mJ. Currently, two of the three channels have been highly engineered and are characterized via two-dimensional spectral shearing interferometry (2DSI) [2, 3] . Furthermore the relative phase between the two channels has been measured and the phase noise is demonstrating the feasibility of pulse synthesis at high energies.
Our waveform synthesizer is pumped by a commercial cryogenically-cooled Ti:sapphire amplifier delivering 20 mJ, 150 fs pulses at 1 kHz repetition rate. First, a small portion of the pulse energy is used to pump a narrowband OPA that derives carrier-envelope phase (CEP) stable pulses [4] out of the non-CEP stabilized pump laser. Those pulses are then used to drive separate white-light generation (WLG) stages, each of them seeding a different spectral channel of the synthesizer [5] . Such an approach allows having virtually independent OPA systems, which can be separately optimized without influencing each other, while maintaining relative phase stability between them. OPAs with the cw delay of the ancillary pulse on the left y-axis and the retrieved group delay overlayed on the right y-axis. NIR (c) and IR (d) pulses in time domain with a measured duration of 14 fs and 7 fs respectively. Normalized power spectral density (PSD) (e) of the synthesized pulse, exhibiting a spectrum from 700 nm to 2150 nm with the balanced spectra related to the pulse energies and a FWHM duration of 4.4 fs (f). By the green ancillae pulses upconverted spectra from the 2DSI process in (e) indicate broadband phase matching by maintaining the shape of the fundamental spectrum.
At present the near-infrared (NIR) and the infrared (IR) channels have been completed, delivering respectively 700-950 nm pulses with 0.2 mJ of energy and 1250-2150 nm pulses with 0.8 mJ of energy. The two outputs are already partially compressed, then combined with a dichroic chirped mirror, propagated through the input window of our attosecond beamline, and finally compressed via ultra broadband double chirped mirrors [6] . The final pulse energy (at the attosecond source) amounts to 0.6 mJ. The spectral phase of each channel was characterized via 2DSI [2, 3] , as shown in Fig. 1 , leading to 14 fs pulse duration for the NIR pulse and 7 fs for the IR pulse.
In order to obtain a shot-to-shot stable and controllable waveform synthesis, the relative phase between the different spectral channels, as well as the overall CEP, need to be actively stabilized and adjusted. To control the overall CEP of the synthesized pulse, a piezoelectric actuator modulates the phase of the pump in our CEPstable seeding frontend that drives the seed generation in each channel of the synthesizer [4, 7] . The relative phase between the two channels is observed by spectral beating generated by frequency doubling a fraction of the IRchannel output to beat with the NIR-channel. In order to compensate for the relative phase drift between the two channels, another piezoelectric delay line manipulates the amplified seed. The preliminary single-shot and every shot measurements and active stabilization indicates that the residual CEP noise is below 300 mrad, while the relative phase noise is about 632 mrad (see Fig. 2 ). Fig. 2. (a) Individual spectra of the NIR-channel (blue) and the second harmonic of the IR-channel (red) and the spectralfringes when both beams are superimposed (black); (b) Spectral fringes showing relative phase stability between the IR and NIR-channel of the waveform synthesizer over 500 laser shots (top), and the retrieved relative phase with 10x vertical zoom in the inset (bottom). The relative phase noise is on the level of 632 mrad rms (red) as well as the CEP-noise of our seeding frontend with a phase noise of 272 mrad at 650 nm (cyan). The actuator feedback signal for CEP-stabilization in our seeding frontend (black) and the relative phase feedback signal between the two synthesizer outputs (blue) show a drift free lock.
Our current effort is focused on improving the pulse compression of both channels, as well as identifying and reducing the source for the relative phase noise. A previous experiment demonstrated a relative phase noise down to 252 mrad with amplification up to the 2 nd OPA-stages. Once the spectral phase of each output is further optimized, we will perform a 2DSI measurement of the whole synthesized pulse, thanks to the capability of the 2DSI to characterize multi-octave pulses in a type-II SFG process [2, 3] . After optimization and the addition of the visible channel, for which 3.5 mJ of pump energy has been reserved, the pulse duration of the synthesized pulses will shrink to about 2 fs and the compressed energy will rise close to 1 mJ. We believe that, even in the current form, our waveform synthesizer is a unique source opening new opportunities for attosecond science, such as direct isolated attosecond pulse generation and attochirp control. Given the current stability level of the setup, which has been running for several tens of hours without any need of realignment, we believe that it will be soon possible to study high harmonic generation in gas under the influence of non-sinusoidal custom-sculptured sub-cycle pulses.
